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Abstract.  Alloy 600 is used in pressurized water reactors (PWRs) but is susceptible to 
primary water stress corrosion cracking (PWSCC).  Intergranular chromium carbides have 
been found beneficial to reduce PWSCC.  Focussed ion beam coupled with scanning electron 
microscopy (FIB/SEM) 3D tomography has been used to reconstruct the morphology of grain 
boundary oxide penetrations and their interaction with intergranular Cr carbides in Alloy 600 
subjected to a PWR environment.  In presence of intergranular Cr carbides, the intergranular 
oxide penetrations are less deep but larger than without carbide.  However, the intergranular 
oxide volumes normalized by the grain boundary length for both samples are similar, which 
suggest that intergranular oxidation growth rate is not affected by carbides.  Analytical 
transmission electron microscopy (TEM) shows that the intergranular oxide consists mainly in 
a spinel-type oxide containing nickel and chromium, except in the vicinity of Cr carbides 
where Cr2O3 was evidenced.  The formation of chromium oxide may explain the lower 
intergranular oxide depth observed in grain boundaries containing Cr carbides. 
1. Introduction 
Currently, there are plans to extend the lifetime of pressurized water reactors (PWRs) of French 
nuclear power plants up to 60 years.  Among the materials used in PWRs, nickel based alloys such as 
Alloy 600 (Ni-15Cr-10Fe) are used as structural materials in the primary circuit.  Alloy 600 provides a 
good overall corrosion resistance but is susceptible to primary water stress corrosion cracking 
(PWSCC) [1, 2].  As a consequence, PWSCC of Alloy 600 and parent weld metals (Alloys 182/82) is 
a significant cause of failure in the primary circuit of PWRs [3].  This mode of damage leads to a 
brittle-type intergranular cracking of the material under the combined action of the environment and a 
tensile stress state.  The SCC phenomenon is composed of several stages: development of oxide 
penetrations at the grain boundaries, fracture of the oxide leading to crack initiation, and then 
propagation of an intergranular crack [4].  However, SCC is a complex process and even though it has 
been studied extensively over the last thirty-five years, the cracking process is still under question 
[5-11].  To prevent PWSCC of Alloy 600, the presence of chromium carbides at the grain boundaries 
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have shown to be beneficial [12-16].  Depending on the final thermal treatment, two kinds of 
chromium carbides can be formed: Cr23C6 and/or Cr7C3. 
The aim of this work is to study the effect of intergranular chromium carbides on intergranular 
oxidation, which is a key step in the PWSCC mechanism.  Indeed, intergranular Cr carbides are 
assumed to delay oxidation along the grain boundaries [17].  For this purpose, two A600 samples with 
model microstructures have been analysed after exposure to simulated nominal primary water in order 
to determine the influence of intergranular Cr carbides.  The intergranular oxidation kinetics as well as 
the nature of the intergranular oxides was studied.  To date, most of the studies describing such oxides 
are either based on cross-section observations (SEM, TEM), or volumetric techniques with either 
atomic resolution (atom probe tomography) or macroscopic approaches (SIMS or Auger depth 
profiling).  Recently, Lozano-Perez and co-workers have shown that 3D tomography using a dual 
column scanning electron microscope associated with a focussed ion beam (FIB/SEM) is an 
appropriate technique for investigating such oxides [18, 19].  In this work, the oxidation depth and 
path along given grain boundaries were characterized by 3D FIB/SEM tomography.  Cubic 
micrometre volumes of the two model microstructure materials were reconstructed with nanometric 
resolution to reveal the oxide shapes and their interactions with intergranular carbides.  Additional 
characterisations by analytical transmission electron microscopy (TEM) were performed to investigate 
the chemical composition and structure of the intergranular oxide by coupling information from 
energy filtered TEM (EFTEM) analyses, electron diffraction patterns and high resolution images.  
Using this original analytical approach, we will give a better description of the role of Cr carbides on 
intergranular oxidation in nickel based alloys. 
2. Materials and experimental procedures 
2.1. Materials and oxidation test 
Two specimens (thickness: 1.5 mm) with model microstructures have been prepared from commercial 
grade Alloy 600 (Ni-16Cr-10Fe), by applying two different thermal treatments under vacuum [20].  
The two samples are named, SA for “Solution Annealed” and SA+TT for “Solution Annealed followed 
by Thermal Treatment”.  All the experimental conditions are detailed in table 1. 
 
 
Table 1.  Overview of the thermal and oxidation treatments applied to the A600 samples. 
 
 SA SA+TT 
Thermal 
treatment  1,050 ºC for 1 h + water quenching 
1,050 ºC for 1 h + water quenching  
+ tempering at 700 ºC for 16 h 
Aim Microstructures without carbides Microstructures with a dense intergranular carbide precipitation 
SEM image 
  
Oxidation 
test 
conditions 
1,400 h in simulated PWR water conditions at 325°C  
(P = 120 bar, [H2] = 30 mL (TPN)/kg H2O (200 mbar à 325ºC),  
[H3BO4] = 1,000 ppm, [LiOH] = 2 ppm) 
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The SA microstructure exhibits no chromium carbides whereas SEM observations of the SA+TT 
one reveals a high density of intergranular chromium carbides.  The stoichiometry of these carbides 
(Cr23C6 or Cr7C3) was not identified at this stage.  Oxidation tests were then performed at the CEA 
Saclay (France) in stainless steel autoclaves under simulated pressurized water reactor (PWR) primary 
water conditions at 325 ºC for 1,400h. 
2.2. 3D FIB/SEM tomography 
The oxidation depth and path along given grain boundaries of samples SA and SA+TT were 
characterized using a FEI Helios 660 dual column scanning electron microscope associated with a 
focussed ion beam (SEM/FIB).  Before sectioning, a Pt protective coating was deposited above the 
area of interest.  Then three trenches were excavated at the front and at the sides of the volume of 
interest to clear up the cross-section view imaged by SEM and to avoid any material re-deposition.  
The samples were orientated such that the focussed Ga+ ion beam was at a perpendicular incidence to 
the surface (x-z plane).  SEM secondary electron (SE) images of the cross-section were taken after 
each sequential 2D slice (in the x-y plane) at a tilt angle of 52° (figure 1).  FIB sectioning parameters 
and SEM image acquisitions conditions are summarized in table 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  SEM image showing an example of the 
volume isolated for the reconstruction after coating 
the exposed surface with Pt and milling two sides 
and one front trenches. 
 
 
Table 2.  FIB parameters and SEM image acquisition conditions. 
 
 SA SA+TT 
Ga+ FIB parameters HV 30 kV, 2.5 nA HV 30 kV, 2.5 nA 
Slice thickness (nm) 20 10 
Number of slices 640 800 
SEM image acquisition 
parameters 
HV 5 kV, 0.1 nA,  
Non-immersion mode,  
Everhart-Thornley detector 
HV 5 kV, 0.2 nA,  
Immersion mode,  
TLD detector in SE mode 
Voxel size or ‘3D pixel’ size 
(nm3) 13x13x20 10x10x10 
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The 3D reconstructions were carried out using FEI software Avizo Fire 8.1.  For both stacks of 
2D SE images, stretching caused by the 38° tilt was corrected during image acquisition.  Those images 
were then aligned and corrected for drift using cross-correlation of static features on the sample 
original surface following the method described in [21].  Then an area containing the region of 
interest, with its topside coinciding with the sample top surface, was extracted from each image and 
arranged as a 3D dataset. 
The different regions of interest appearing in the 2D images (e.g., protecting Pt layer, oxides, 
carbides and metal matrix) were automatically segmented using intensity thresholding tools.  When 
the contrasts between oxides, carbides and/or grains were too small, the automated segmentation 
methods failed and manual corrections were done until the result was satisfactory.  One of these 
images extracted from the sample SA+TT stack of images is shown in figure 2 as an example. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  a) Example of a SEM image showing the cross-sectional view from sample 
SA+TT.  b) Binary mask of the oxide penetration (white) and the Cr carbides (grey) after 
segmentation. 
 
 
2.3. Analytical TEM 
Additional characterisations by analytical transmission electron microscopy (TEM) were performed on 
a FIB prepared thin foil.  The thin foil was carefully micro-sampled then thinned down following the 
“lift-out” method described in [22, 23].  TEM observations and analyses were carried out at 200 kV 
using a FEI Tecnai F20 ST field emission gun microscope equipped with a Gatan Imaging Filter (GIF) 
device. 
Analytical TEM was used to investigate the chemical composition and structure of the 
intergranular oxide by coupling information on composition from energy filtered TEM (EFTEM) 
analyses and on crystallography from electron diffraction patterns. 
3. Results and discussions 
3.1. 3D SEM/FIB tomography 
For both samples, a 3D reconstruction model of the intergranular oxidation was created (figure 3) and 
three grain boundaries were analysed.  The dimensions of the reconstructed volumes were 
18.0 x 11.4 µm2 for sample SA and 14.0 x 15.4 µm2 for sample SA+TT.  For each grain boundary, the 
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intergranular oxide depths were automatically measured for all the segmented images using a Python 
script.  The average intergranular oxidation depths are presented in table 3 and the intergranular oxide 
penetrations distribution are shown in figure 4. 
 
 
 
 
 
Figure 3.  Reconstructed 3D volumes of the oxide penetrations 
represented in red of both sample SA (top) and sample SA+TT (bottom).  
The surface oxide present on sample SA is represented in yellow and the 
Cr carbides present on sample SA+TT are represented in green. 
 
 
Table 3.  Average intergranular oxidation depth for each grain boundary (GB). 
 
 SA SA+TT 
 Average 
intergranular 
oxidation depth 
(nm) 
Standard  
deviation (nm) 
Average  
intergranular 
oxidation depth  
(nm) 
Standard  
deviation (nm) 
GB 1 2168 180 661 183 
GB 2 1113   93 430   98 
GB 3 1824 174 378 136 
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Figure 4.  Intergranular oxidation depth distributions of each grain boundary for samples SA 
and SA+TT. 
 
 
For sample SA, oxide depths along each grain boundary are relatively even and continuous but the 
average lengths are relatively different from one grain boundary to another.  Oxidation depth 
distributions vary from 0.9 to 2.6 µm.  The deepest oxide penetration for this sample is found at the 
triple junction. 
In contrast, for sample SA+TT, oxide depths are much shallower, uneven and wider along grain 
boundaries than the previous sample, but the average lengths seem to be more homogeneous from one 
grain boundary to another.  In this sample, the oxidation depth distribution varies from 0.2 to 1.0 µm.  
Again, the deepest oxide penetration for this sample is found at the triple junction.  The deepest oxide 
penetration is found along GB1 and can be explained by a less dense carbide distribution along this 
grain boundary.  3D reconstruction also highlights two features when an oxide reaches a Cr carbide: 
either the oxide is stopped by the carbide or the oxide is surrounding the carbide forming a cap on it. 
Comparison of both samples highlights that intergranular oxidation goes much deeper along grain 
boundaries in Alloy 600 when Cr carbides are not present, since they probably act as obstacles for the 
oxidation to get through.  We have also noticed that for sample SA+TT, intergranular oxide 
penetrations are much wider than in sample SA (table 4) by a factor of 3.  This suggests that the 
oxidation penetrations are inhibited by Cr carbides, but oxide will nevertheless expand in the adjoining 
grains as shown by the oxide width reported in table 4. 
 
 
Table 4.  Average depths and surface widths of intergranular oxides. 
 
 SA SA+TT 
Average intergranular 
oxide depths (nm) 1679 447 
Standard deviation (nm)   445 179 
Average surface width of 
intergranular oxides (nm)   247 719 
Standard deviation (nm)   111 327 
 
 
In order to have a global vision, the intergranular oxide volumes have been evaluated for both 
samples.  The measurements were performed using the “Label analysis” tool from the Avizo software 
and normalized by the total length of the grain boundary to make the results comparable.  The results 
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are summarized in table 5.  Despite evident heterogeneities from one intergranular oxide penetration to 
another one, the total volumes of oxide penetration normalized by the total GB length are similar for 
each sample (i.e., 0.160 µm3/µm for sample SA against 0.140 µm3/µm for sample SA+TT, 
respectively).  These results are interesting but need to be moderated since we have extracted values 
from a relatively small volume compared to the total sample volume. 
 
 
Table 5.  Intergranular oxide volumes. 
 
 SA SA+TT 
 
Oxide 
volume 
(µm3) 
GB length 
(µm) 
Normalized 
oxide 
volume 
(µm3/µm) 
Oxide 
volume 
(µm3) 
GB length 
(µm) 
Normalized 
oxide 
volume 
(µm3/µm) 
GB 1 1.419   9.3 0.153 0.513   7.0 0.073 
GB 2 1.000 14.0 0.071 0.412   6.0 0.068 
GB 3 2.276   6.0 0.455 1.522   4.5 0.338 
Total 4.695 29.3 0.160 2.447 17.5 0.140 
 
 
3.2. Analytical TEM studies 
The FIB thin foil was taken close to a triple junction visible at the surface of sample SA and has the 
particularity to reveal a cross-section of two oxidized grain boundaries with two oxide penetration 
features.  As can be seen from bright field TEM micrographs of the thin foil (figure 5), there is a 
relatively deep oxide penetration along a grain boundary exempt of carbide (oxide penetration 1) and a 
second one that is stopped by an intergranular carbide close to the surface (oxide penetration 2).  In 
addition, these micrographs reveal that the oxide found at the surface is made from large discontinuous 
crystallites of about 1 µm wide and 0.3 µm high and from a thin continuous inner layer of 0.1 - 0.2 µm 
thickness. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.  Bright field 
TEM micrograph 
overview of the thin 
foil sampled from 
sample SA. 
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EFTEM analyses reveal that the large crystallites are iron rich oxides and that the inner layer is 
composed of chromium rich oxides.  Diffraction patterns also confirm EFTEM observations: outer 
crystallites are identified as nickel ferrite NiFe2O4 whereas the inner oxides are of spinel-type and 
close to the nickel chromite NiCr2O4 composition. 
The oxide penetration 1, along a GB which does not contain any carbide (figure 6), is 
representative of oxide penetrations found in sample SA.  It is composed of about 2 µm long 
chromium and nickel rich oxide.  It is important to notice that the central part and the penetration tip 
are richer in chromium.  Rings on the diffraction patterns acquired on the oxide penetration show that 
it is nanocrystalline.  The distances match with a spinel-type oxide. 
 
 
  
 
Figure 6.  Left: Bright field TEM micrograph of oxide penetration 1 with insets 
showing the diffraction patterns of the intergranular oxide (A) and of the A600 
matrix (zone axis: <110>) on one side of the oxide (B).  Right: Corresponding 
EFTEM RGB composition map of respectively oxygen, chromium and nickel 
elemental maps. 
 
 
The oxide penetration 2, which in this case is ended by a carbide (figure 7) like those found in 
sample SA+TT, is composed of a much broader chromium and nickel rich oxide penetration stopped 
by a chromium carbide particle.  The oxide forms a cap on top of the carbide and seems to consume 
the surrounding matrix as it could be observed by FIB/SEM tomography. 
4. Conclusions 
Intergranular oxide penetrations in model Alloy 600 samples oxidized under simulated PWR primary 
water conditions have been characterized by FIB/SEM 3D tomography and analytical TEM.  The 
effect of intergranular Cr carbides on the intergranular oxide depth has been studied.  It was found that 
intergranular Cr carbides reduce intergranular oxide depths but enlarge them compared to 
intergranular oxide depths without carbide.  However, the intergranular oxide volumes normalized by 
the GB length for both samples are similar, which suggest that intergranular oxidation growth rate is 
not affected by carbides.  The FIB/SEM 3D tomography has allowed the reconstruction of volumes 
containing several oxide penetrations along grain boundaries with a remarkable nanometre spatial 
resolution.  It also produced results of statistical significance, where intergranular oxidation depth  
 
  
O Cr Ni 
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Figure 7.  Left: Bright field TEM micrograph of oxide penetration 2 with an inset showing 
the oxide diffraction pattern.  Right: Corresponding EFTEM RGB composition map of 
respectively oxygen, chromium and nickel elemental maps. 
 
 
distribution histograms are used for characterisation.  TEM observations have given a complete insight 
of the oxide penetration compositions and were identified as Cr and Ni rich spinel type oxides with the 
end tip richer in Cr. 
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